Introduction
Numerous studies have demonstrated the success of exogenously administered melatonin in mimicking the stimulatory effect of short days on the initiation of ovarian activity in ewes (see e.g. Arendt et ai, 1988; Kennaway, 1988; Poulton, 1988) . In these studies, the methods of adminis¬ tration of melatonin ranged from continuous slow-release formulations to fixed time daily dosing or feeding. When the oral route is used, melatonin must be administered every day to be effective (Ronayne et ai, 1989) . It is not surprising, therefore, that a slow-release implant is an attractive practical alternative (Haresign et ai, 1990) . However, there is now evidence to suggest that the magnitude of the advance in the breeding season that can be achieved by a slow-release implant is considerably less than that for daily administration. For example, the insertion of melatonin implants in ewes in mid-May in Britain was ineffective in advancing the breeding season (Nowak & Rodway, 1985) , yet daily oral dosing with 3 mg melatonin at 15:00 h from 5 March (Wigzell et ai, 1986) or 22 March (Wallace et ai, 1988) resulted in behavioural oestrus in late May-early June, 4 months before that of untreated control ewes.
Unless melatonin is administered by a method that stimulates a marked advance of the breeding season, it may offer little benefit over alternative stimulatory techniques such as the progestagen pessary (Rajkumar et ai, 1989; Crosby & O'Callaghan, 1991) or carefully timed exposure to the ram (Robinson et ai, 1991) . At present the only method of administering melatonin that ensures a marked advance of the breeding season in ewes is via daily oral intake in mid-afternoon (Robinson et ai, 1992) , but application in this way raises important questions about the effects of duration of treatment on the timing and duration of oestrous cyclicity.
In (1981) . The lower limit of detection was 0-3 ng ml"
' and the intra-and interassay coefficients of variation were 11-2 and 8-1%, respectively. The recovery of progesterone from plasma was 64-7 ± 1-2% (n = 3283) and the results are corrected individually. Concentrations of LH and prolactin were measured in duplicate by specific double-antibody radioimmunoassay as described by McNeiUy et al (1986) and McNeiUy & Andrews (1974) . The sensitivities of the assays were 005 ng LH (NIADDK-oLH-25) ml"1 and 008 ng prolactin (NIADDK-oPRL-17) ml"1. The intra-and interassay coefficients of variation were 5-3 and 8-2% for LH and 50 and 9-6% for prolactin, respectively. FSH concentrations were measured in duplicate by the method of McNeiUy et al. (1976) . The sensitivity of the assay was 008 ng FSH (NIAMDD-oFSH-RPI) ml-1 and the intra-and interassay coefficients of variation were 51 and 8-6%, respectively.
Definitions and statistical analysis An increase in LH was assumed to be a pulse if the concentration for two consecutive samples was greater than the mean of the two previous samples (basal concentration) and the concentration of at least one of the pulse samples exceeded the mean basal concentration by more than four times the intra-assay coefficient of variation of the assay (after Backstrom et al, 1982) .
For each ewe, the day when the first of three consecutive blood samples in the sampling routine of three times a week had > 1 ng progesterone ml"1 was taken as the onset of ovarian activity.
The statistical significance of treatment effects on the onset of ovarian cyclicity, ovulation rates and the various measures of endocrine status were tested by analysis of variance.
Results

Ovarian activity
None of the 42 ewes had corpora lutea on their ovaries at laparoscopy on 1 June and 2 July although before the first laparoscopy on 1 June one control ewe and one ewe from each of the 120-and 150-day melatonin treatments exhibited a transitory increase in plasma progesterone concentration ( Fig. 1) , which indicated the occurrence of isolated ovulations. At laparoscopy on 17 July all control ewes and those that received melatonin for 30 days had not ovulated. This obser¬ vation was confirmed by their plasma progesterone concentrations (see Fig. 1 ). Of the seven ewes receiving melatonin for 60 days, five had corpora lutea at laparoscopy on both 17 July and 5 August, i.e. 18 and 37 days, respectively, after the end of melatonin treatment and six showed high progester¬ one concentrations at a mean ( + sem) interval from 1 May of 75 + 1-2 days. Corresponding inter¬ vals for the 90, 120 and 150 day treatments in which all ewes had high progesterone concentrations were 83 + 2-7,85 ± 1-3 and 87 + 2-2 days, respectively. These intervals contrast (P < 0001) with a mean of 132 ( 10 September + 9-2) days for the seven control ewes. A period of 30 days of melatonin treatment starting on 1 May delayed the onset of ovarian activity by a further 33 days compared with control ewes (P < 0-01) resulting in a mean interval of 165 (13 October + 4-5) days.
For ewes receiving melatonin for 60, 90 and 120 days the duration of oestrous cyclicity was shortened (see Fig. 1 ). The ewes returned to anoestrus 4 to 6 weeks after the termination of melatonin treatment and at times that corresponded to the normal period of oestrous cyclicity in control ewes. There was a suggestion from the progesterone profile data that ewes receiving melatonin for 150 days, i.e. up to the end of September, also returned to anoestrus before the end of the breeding season of the control ewes. This was confirmed by laparoscopie observations that showed that only one of the seven ewes on the 150 day melatonin treatment had corpora lutea on 9 November. Indeed the progesterone profile data indicated that anoestrus had already occurred in some ewes on this treatment either before or towards the end of the period of exposure to exogenous melatonin (see Fig. 1 ).
At the time of first ovulation, ewes in the 90, 120 and 150 day melatonin-treatment groups were receiving melatonin. Their mean ovulation rate ( + sem), when first detected by laparoscopy to have ovulated, was 1-9 + 0-19 (n = 18). In contrast, ewes in the other three groups were not receiving melatonin at the time of first ovulation and had a lower, albeit not statistically significant, mean ovulation rate of 1-6 ± 012 (n = 21).
Endocrine data Prolactin For all groups, prolactin concentrations were initially high and declined as the ewes adjusted to the removal of their lambs and became accustomed to the routine of blood sampling (Fig. 2) . The decline was more pronounced in those receiving melatonin than in controls, the mean concen¬ trations on day 24 being 120 + 30 ngml"1 for controls and 46 + 6-3 ngml-1 for those receiving melatonin (P < 0001). After the removal of the fleece on day 25, prolactin concentrations immedi¬ ately fell (P < 0-001) to 31 + 8-8 and 15 + 5-1 ngml"
' for control and treated ewes, respectively. In general, minimum prolactin concentrations were achieved after 30 days of melatonin treatment, but these low concentrations were not sustained indefinitely in that ewes receiving melatonin for 120 and 150 days began to exhibit high concentrations after about 100 days of treatment (see Fig. 2) .
Comparison of the prolactin profiles in the period after melatonin withdrawal with those exhibited by control ewes reveals some interesting effects. Termination of melatonin treatment after 30 days gave rise to a post-treatment prolactin profile that was very similar to that observed in Luteinizing hormone Blood samples taken from all ewes at 15 min intervals for 10 h (08:00 to 18:00 h) on days 28, 60, 91, 119 and 150 of the experiment provided the basis of testing temporal and treatment effects on the amplitude and frequency of the episodic release of LH. The data from these observations are given, against the background of the onset of ovarian activity (progesterone > 1 ng ml"1 for three consecutive samples) (Fig. 3) . In general the amplitude of the LH pulses decreased and their fre¬ quency increased as the ewes entered either natural (control) or melatonin-induced breeding activity (see Fig. 3 ). This inverse relationship between pulse amplitude and frequency was most pronounced in ewes receiving melatonin for 120 and 150 days. Here Fig. 1 ). Apparently these changes were not immediately cancelled by the return of the ewes to the long-day ambient photoperiod when melatonin treatment ceased at the end of May.
This was certainly the case for ewes receiving melatonin for 60 days in that the expression of the effects of melatonin, namely the onset of ovarian activity (progesterone > 1 ng ml"1), did not occur until two weeks after the termination of melatonin treatment. Thus, having been programmed to occur by the 60-day period of melatonin treatment, ovarian activity, although restricted in its duration, was not prevented by the abrupt change from the short-day (11 h) mela¬ tonin signal to the long-day (18-5 h) ambient photoperiod. Previous reports of a melatonin-induced advance of oestrous cyclicity that is delayed until after melatonin is withdrawn have either involved melatonin treatment that commenced after the summer solstice and therefore close to the natural breeding season (Nowak & Rodway, 1987) or included the additional stimulatory influence of the ram (Kouimtzis et ai, 1989) .
After their transitory period of oestrous cyclicity during July and August, the magnitude of the delay beyond the controls in the resumption of oestrous cyclicity by the ewes receiving melatonin for 60 days was approximately equal to their period of melatonin treatment. This is based on the observation that at the final laparoscopy on 9 November (60 days after the onset of ovarian activity in controls) four of the seven ewes on this treatment had re-emerged from anoestrus. This contrasts with only one ewe in the 90-day group and none in the 120-day group.
Another interesting feature of the present data relates to the fact that a melatonin-induced period of oestrous cyclicity that overlaps with the natural onset of the breeding season (see Fig. 1 for the 90 and 120 days groups versus the controls) does not lead to a natural 'seasonally driven' continuation of oestrous cyclicity when melatonin is withdrawn. Indeed the intervals from the termination of melatonin treatment to the cessation of oestrous cyclicity were similar for the 60, 90 and 120 day treatments. This indicates that the treatment differences in the ambient photoperiod in the period after melatonin withdrawal could not exert a discernible modifying influence on the inhibitory long-day signal generated by the termination of melatonin treatment.
The time lag in the ovarian response to photoperiod is assumed to represent the processing of the melatonin signal (Bittman et ai, 1983 ) and some progress is now being made in understanding the molecular mechanisms involved. High-affinity receptors for melatonin have been identified in the pars tuberalis of the pituitary (Morgan & Williams, 1989) . These are membrane bound and are linked through an inhibitory G protein to the inhibition of adenylyl cyclase (Morgan et ai, 1990) . The melatonin-responsive cell type in the pars tuberalis is secretory implying that an unidentified product secreted from the pars tuberalis may enable it to act as a relay in the neuroendocrine control of seasonal breeding (Morgan et ai, 1991 (Poulton et ai, 1987; Ronayne et ai, 1989) . Nevertheless, in the present experiment the diverse nature of the treatment effects on the timing and duration of oestrous cyclicity provide interesting trends in LH pulse amplitude and frequency. For example, the delay in the onset of the breeding season caused by 30 days of melatonin treatment was reflected in an extended period of high-amplitude, low-frequency pulsing characteristic of anoestrus (Fig. 3) Legan (1988) just before the first rise in progesterone in ewes entering their natural breeding season. In the case of the 120 day treatment both amplitude and frequency reverted to the anoestrous pattern coincident with the ending of oestrous cyclicity (progesterone remaining < 1 ng ml"1) in late September, i.e. one month after melatonin withdrawal. Interestingly, at the same time a similar reversal occurred in the 150 day treatment group. This implies that refractoriness to the inductive exogenous melatonin signal in our ovary-intact ewes was occurring after an interval from the start of treatment that is very similar to that observed by Karsch et ai (1988) for LH to fall to undetectable levels in melatonin-infused ovariectomized ewes implanted with oestradiol.
The ability of melatonin to suppress prolactin is well known (Symons et al., 1983) , so too is shearing (Rodway et ai, 1983) . However, the inability of long-term melatonin treatment to maintain the concomitant long-term suppression of prolactin suggests that the prolactin rise reflects the onset of refractoriness. The data reported here also add another example to those of Lincoln (1990) refuting the idea that the suppression of prolactin initiates the onset of the breeding season in that the initiation of ovarian activity in the 60 day treatment group occurred when prolactin concentrations were rising; for the 90 and 120 day treatments ovarian activity over¬ lapped with some of the highest concentrations of prolactin recorded from June to October. These observations do not however preclude a role for the preceding period of prolactin suppression in the programming of the melatonin signal. Similarly, the progressive delay in onset of peak prolactin concentrations caused by increasing the duration of melatonin treatment and the subsequent time lag in the entrainment of prolactin to the ambient photoperiod after melatonin withdrawal (Fig. 2) may be essential features of the programming of the inhibition and subsequent induction of ovarian activity.
